Introduction
One lesson learned from the first 20 years of therapeutic antibody development is the almost ubiquitous necessity for improvement of some properties, such as affinity of the original antibody. Affinity maturation by the mammalian immune system can generate antibodies with low picomolar affinity in some cases, but there is also a so-called affinity ceiling effect of B cell responses, which theoretically limits affinity enhancement at 0.1 to 1 nM. 1, 2 In general, affinity maturation in vitro starts with the diversification of antibody genes, which can be achieved by various methods such as random mutagenesis, targeted mutagenesis or a shuffling approach. Monoclonal antibodies are assumed to require affinities of 1 nM or less to their target antigen to be considered for clinical development; thus, one or several cycles of affinity maturation became part of the standard procedure. [3] [4] [5] [6] Moreover, humanization of non-human antibody sequences frequently results in some loss of affinity, 7, 8 so affinity maturation is necessary as an additional step in this process. 9, 10 Antibody phage display [11] [12] [13] [14] represents a powerful in vitro selection system for the isolation of human antibody fragments [15] [16] [17] and can also be employed to improve biochemical properties of antibodies like the affinity or stability 18, 19 by combining cycles of antibody gene mutation with stringent selection. Other selection processes include the antibody display on ribosomes, 20, 21 yeast, 22, 23 Escherichia coli (E. coli), 24 and mRNA. 25 Mutations can be introduced randomly into the variable regions of antibody genes by error-prone polymerase chain reaction (PCR) 26, 27 or E. coli mutator strains. 28, 29 Other methods such as sitedirected mutagenesis, 30 saturation mutagenesis, 31 parsimonious mutagenesis, 32 CDR walking 33 or look-through mutagenesis 34 target certain regions like the CDRs, hence generating limited collections of the specific variants of the parent antibody. Shuffling approaches include DNA shuffling, 35 chain shuffling, [36] [37] [38] or CDR shuffling 39, 40 to obtain shuffled variants of the parent antibody. Antibody variants with higher affinities can be selected under stringent conditions, for example by extended incubation and intensive washing steps or by competition with soluble antigen. 27 These in vitro evolution strategies imitate natural B cell affinity maturation in lymphoid organs, but they usually require small recombinant antibody fragments in order to obtain functional expression in E. coli and display on phage, yeast 22 Today, most approved therapeutic antibodies are provided as immunoglobulin G (IgG), whereas small recombinant antibody formats are required for in vitro antibody generation and engineering during drug development. Particularly, single chain (sc) antibody fragments like scFv or scFab are well suited for phage display and bacterial expression, but some have been found to lose affinity during conversion into IgG.
In this study, we compared the influence of the antibody format on affinity maturation of the CD30-specific scFv antibody fragment SH313-F9, with the overall objective being improvement of the IgG. The variable genes of SH313-F9 were randomly mutated and then cloned into libraries encoding different recombinant antibody formats, including scFv, Fab, scFabΔC, and FabΔC. All tested antibody formats except Fab allowed functional phage display of the parental antibody SH313-F9, and the corresponding mutated antibody gene libraries allowed isolation of candidates with enhanced CD30 binding. Moreover, scFv and scFabΔC antibody variants retained improved antigen binding after subcloning into the single gene encoded IgG-like formats scFv-Fc or scIgG, but lost affinity after conversion into IgGs. Only affinity maturation using the Fab-like FabΔC format, which does not contain the carboxy terminal cysteines, allowed successful selection of molecules with improved binding that was retained after conversion to IgG. Thus, affinity maturation of IgGs is dependent on the antibody format employed for selection and screening. In this study, only FabΔC resulted in the efficient selection of IgG candidates with higher affinity by combination of Fab-like conformation and improved phage display compared with Fab.
Single chain fragment variable (scFv) 42 and single chain Fab (scFab) 43 contain a flexible peptide linker combining light (L) and heavy (H) antibody chains into a single polypeptide, which avoids the assembly of two separate polypeptides and makes them less prone to limitations of E. coli protein expression, folding and secretion, and are therefore generally more suitable for in vitro antibody selection using bacteria. The scFv fragment consists only of the variable (V) antibody regions VL and VH, whereas scFab also contains the adjacent constant (C) regions CL and CH1. As previously shown, deletion of the carboxy terminal cysteines (ΔC) of CL and CH1, resulting in the scFabΔC format, improved bacterial expression and phage display. 43 Both molecules, scFv and scFabΔC, can also be genetically fused to the Fc moiety to produce single gene encoded bivalent IgGlike scFv-Fc and scIgG formats 44, 45 that share many properties of IgG, including Fc-mediated effector functions. Nevertheless, IgG is still the most accepted format for therapy. Conversion of in vitro optimized antibody fragments back into IgG can result in similar or even improved antigen binding, [46] [47] [48] but, without accurate affinity data, apparent effects by increased avidity have to be considered to be responsible for the major part of enhanced antigen binding. The switch from monovalent to bivalent antigen binding can increase the apparent antigen binding several hundred fold. 49 Moreover, studies have also demonstrated loss of affinity after conversion of scFv fragments into IgG, 50 which can partially abolish the benefit from affinity maturation in the scFv format. 19 A variety of strategies try to address issues related to IgG conversion of recombinant antibody fragments, including screening of vast numbers of scFv clones, batch conversion into the IgG format after selection in combination with mammalian expression for screening 51, 52 or Fab display on yeast. 53 Switching to another expression host during screening may overcome restrictions of the E. coli expression system, but it is also associated with greater efforts and potentially creates new biases in the antibody development process due to additional subcloning steps or employment of different expression systems.
In this study, we investigated affinity maturation of the CD30-specific human antibody SH313-F9 54 in various antibody formats, with a focus on generating IgG variants with higher affinity. CD30 is a member of the tumor necrosis factor receptor superfamily. 55 It is overexpressed on Hodgkin lymphoma and some non-Hodgkin lymphoma, whereas normal tissue shows only limited expression. 55 A number of CD30-specific antibodies have been evaluated as lymphoma treatments, and, in 2011, the antibody-drug conjugate brentuximab vedotin (Adcetris ® ) was approved by the US Food and Drug Administration for treatment of refractory and relapsed CD30+ hematological malignancies.
The human CD30-specific scFv antibody SH313-F9 was isolated from the universal human naïve scFv library HAL7. 17 In this study, random point mutations were introduced into the SH313-F9 scFv gene by consecutive cycles of error-prone PCR. Mutated antibody phage display libraries were constructed in different antibody formats including scFv, scFabΔC, Fab, and FabΔC and their performance was compared.
Results

Phage display vectors for scFv, Fab, FabΔC, and scFabΔC antibody formats
The phage display vector pHAL14 17 was used to construct the phagemids pHAL21, pHAL26, and pHAL34 that were used for the generation of antibody gene libraries in scFabΔC, Fab, and FabΔC format, respectively (Fig. 1B) . All vectors contained the same vector backbone with gene fragments encoding the secretory signal peptide of the pectate lyase B (pelB) of Erwinia carotovora, the different antibody gene expression cassettes including cloning sites followed by tags for purification and detection, an amber stop codon that is partially translated into the amino acid Q in supE44 E. coli strains, and the filamentous phage gene 3 (gIII) encoding the minor phage surface protein pIII for phage display. The scFabΔC gene expression of the phagemid pHAL21 consisted of gene fragments encoding the PelB leader, the cloning site for VL followed by the human lambda CL without carboxy terminal cysteine (ΔC), a 34 amino acids long G/S linker sequence, 43 and the second cloning site for VH and CH1 without carboxy terminal cysteine (ΔC) that was fused to the further downstream elements required for purification, detection and phage display.
The bicistronic antibody expression cassettes of pHAL26 and pHAL34 for Fab and FabΔC display were generated by replacing the linker of pHAL21 with a second ribosomal binding site (RBS) followed by another pelB signal peptide sequence initiating the second cistron. Moreover, an ochre stop codon was introduced at 3′ end of the CL domain to terminate translation of the first cistron. Fab and FabΔC gene expression cassettes only differed in the presence or absence of codons encoding the carboxy terminal cysteines of CL and CH1, respectively.
Expression vectors for expression of scFv-Fc, scIgG and IgG in HEK293-6E cells
The mammalian expression vector pCSE2.5-hIgG1Fc-XP 44, 45 was used to convert scFvs into scFv-Fc and scFabΔC into scIgG (Fig. 1C) . This vector was previously optimized for transient expression in HEK293-6E cells and allows NcoI-NotI single step in-frame cloning of single chain antibody fragments from pHAL14 (scFv) and pHAL21 (scFabΔC) to generate human scFv-Fc and scIgG antibodies, respectively. The new monocistronic vectors pCSH1c and pCSL3l (Fig. 1C) allow production of human IgG1 lambda antibodies after co-transfection of both plasmids into HEK293-6E cells. Both vectors are based on the pCSE2.5-hIgG1Fc-XP backbone. Human VH gene fragments can be cloned into pCSH1c via BssHII and NheI restriction sites to express the human IgG1 heavy chain, and lambda VL gene fragments can be cloned into pCSL3l via AgeI and DraIII restriction sites to express the lambda light chain without creating any amino acid alteration compared with natural human immunoglobulin sequences.
Evaluation of different antibody formats of SH313-F9 for phage display
The CD30 specific scFv SH313-F9 54 was converted into the antibody formats scFabΔC, 43, 56, 57 Fab, and FabΔC and cloned into phage vectors pHAL21, pHAL26 and pHAL34, respectively. The different SH313-F9 antibody phage variants were produced using Hyperphage and precipitated before verifying antigen binding to CD30 by titration enzyme linked immunosorbent assay (ELISA). SH313-F9 scFabΔC or FabΔC phage bound less efficient to CD30 than SH313-F9 scFv phage ( Fig. 2) , which was also visualized in Western immunoblot by a less pronounced antibody::pIII fusion protein band (data not shown). In contrast, SH313-F9 Fab phage bound very poorly to CD30 in the highest phage titers (Fig. 2) and showed a faint antibody::pIII fusion band in Western immunoblot (data not shown). In summary, the parental antibody SH313-F9 showed the best functional display on phage in the scFv format, followed by scFabΔC and FabΔC. Affinity maturation of SH313-F9 in the scFv format Error-prone PCR was used to introduce random point mutations into the SH313-F9 scFv antibody gene. Amplified DNA derived from the third round of consecutive error-prone PCRs was cloned into the phage display vector pHAL14 [58] [59] [60] [61] (Fig. 1B) . After transformation, a mutated SH313-F9 scFv gene library was obtained comprising 1 × 10 7 independent clones with a content of full size scFv inserts of 73% ( Table 1) . Sequence analysis of randomly picked clones revealed 9 to 22 (average 14) point mutations per scFv gene corresponding to 7 to 11 (average 8) amino acid substitutions encoded by each clone. The mutated SH313-F9 scFv gene library was packaged with Hyperphage for oligovalent display. Display of mutated SH313-F9 scFv antibody fragments on phage was demonstrated by Western immunoblot analysis as shown by the clear scFv::pIII fusion protein band corresponding to a molecular mass of about 90 kDa (Fig. 3) . Another aliquot of this mutated scFv gene library was again packaged with M13K07 for monovalent display and used for panning against CD30 antigen in immunoplates in the presence of soluble antigen for competition. After soluble expression in E. coli, a total of 92 scFv clones were analyzed by ELISA. Five of these scFv clones (MiS200-B3, -B6, -C1, -G12, -D12) demonstrated higher CD30 specific ELISA signals compared with the parental SH313-F9 scFv ( Table 1) . Further validation of these scFv clones by titration ELISA (Fig. 4B) confirmed enhanced binding to CD30.
Conversion of affinity enhanced SH313-F9 scFv clones into the scFv-Fc and IgG format
The scFv antibodies MiS200-B3, MiS200-G12 and MiS200-D12 showing best antigen binding in ELISA were converted into the bivalent scFv-Fc and IgG formats (Fig. 1A) as described above. IgGs and scFv-Fc antibodies were transiently produced in HEK293-6E cells and purified by protein A affinity chromatography. Yields of scFv-Fc antibodies were between 19 to 31 mg/L, and the corresponding IgGs were less efficiently produced (3-16 mg/L; Table 2 ). The scFv-Fc generated from the parental scFv SH313-F9 showed the highest yield, whereas the corresponding IgG achieved the lowest yield, illustrating that scFv conversion into different formats can strongly influence production levels in mammalian cells.
CD30 binding of these scFv-Fc and IgG antibodies was confirmed by titration ELISA (Fig. 4B) . In the scFv-Fc format, all affinity matured scFv antibodies showed stronger antigen binding compared with the parental antibody SH313-F9, whereas in the IgG format the situation was opposite, i.e., the increased affinity of the scFv affinity mutants could not be transferred to the IgG format. In contrast, the parent SH313-F9 IgG version bound stronger than the scFv-Fc, when determined by titration ELISA (Fig. 4A) . Therefore, affinity maturation of SH313-F9 in the scFv format did not lead to IgGs with enhanced affinity.
Affinity maturation of the SH313-F9 antibody in Fab, scFabΔC, and FabΔC formats
The same template of randomly mutated SH313-F9 scFv gene fragments was also used for the construction of three antibody gene phage display libraries in other formats: scFabΔC (vector: pHAL21), Fab (vector: pHAL26) and FabΔC (vector: pHAL34). The resulting libraries comprised 1.0 × 10 7 to 5.7 × 10 7 independent clones ( Table 1 ). The quality of the library was tested by colony PCR of randomly selected single clones, revealing 100% full size antibody inserts for the scFabΔC and FabΔC libraries and 75% for the Fab library ( Table 1 ). All libraries were packaged with either Hyperphage or M13K07. Phage titers after phage production with helperphage M13K07 and precipitation were between 4.0 × 10 12 to 4.6 × 10 13 cfu/mL. All mutated SH313-F9 antibody gene libraries, including the mutant Fab library packaged with Hyperphage, showed antibody-pIII fusion proteins in Western immunoblot (Fig. 3) .
The selection of high affinity mutant antibody fragments was performed as described for the scFv library. CD30-specific molecules with elevated signals in ELISA compared with the corresponding parental SH313-F9 antibody fragment were (C) Schematic illustration of the mammalian expression vector backbone used for production of IgG, scFv-Fc, and scIgG including corresponding gene expression cassettes. The mammalian scFv-Fc expression vector pCSe2.5-hIgG1Fc-XP was also used for expression of scIgG1 and for construction of pSH1c and pSL3l which were used for human IgG1 heavy chain and lambda light chain expression. Co-transfection of pSH1c and pSL3l allowed human IgG1 production in mammalian cells. The vector elements or antibody domains are not drawn to scale. Same type of antibody domains and corresponding gene fragments are indicated by the same color. Abbreviations: amber, amber stop codon; bGH pA, bovine growth hormone poly A signal; bla, ampicillin resistance gene encoding β lactamase; CH1-3 and CL, constant antibody regions of heavy and light chain of IgG1 (blue, dark blue); CMV, cytomegalovirus immediate early promoter; cole1 ori, E. coli origin of replication; f1 IR, F1 intergenic region; gIII, gene encoding for M13 minor phage surface protein pIII; H, IgG1 hinge region; lac, lactose operon promoter; ochre, ochre stop condon; ori P, origin of replication of epstein-Barr virus (eBV); pelB, secretory pectate lyase B signal peptide sequence; pMB1 ori, a bacterial origin of replication; RBS, ribosomal binding site; tag, hexa-histidine and c-myc tags for purification and detection; SP, secretory mammalian signal peptide; SV40 origin, simian virus (SV) 40 origin of replication; VH and VL, variable antibody regions of light (L) and heavy (H) chain (red, dark red).
identified from mutated scFabΔC and FabΔC libraries, but not from the corresponding Fab library ( Table 1) .
Sequence analysis of affinity enhanced antigen-binding molecules from scFv, scFabΔC, and FabΔC libraries DNA sequencing revealed that the molecules with higher affinity were unique, reflecting an appropriate diversity of antibody gene mutations in the library. The encoded amino acid sequences of 21 individual antibody clones were compared (Fig. 5) . Some regions within the SH313-F9 antibody sequence were not affected by any amino acid exchange, such as framework (FR) 2 and FR4 of VH and the complementarity determining region (CDR) 2 and FR4 of VL. In contrast, the first amino acid in CDR3 of VH was identified as a mutation hot spot, showing the same amino acid exchange in 11 out of 21 cases. Moreover, some mutation hot spots seem to depend on the antibody format that was employed for affinity maturation. For example, all three FabΔC antibody mutants with higher affinity than the parental antibody contained the same amino acid exchange at the third amino acid in FR3 of VL (data not shown), thus indicating that affinity maturation results in a format-dependent selection of antibody variants.
Conversion of affinity enhanced scFabΔC and FabΔC clones into IgG
Affinity improved scFabΔC (MiS201-C3, -F2, -F6 and MiS179-F5) and FabΔC (MiS196-D5, MiS203-C1, -C9) antibody clones were converted into the IgG format. In addition, the scFabΔC variants were also cloned into the bivalent IgGlike scIgG format (Fig. 1A) . IgGs and scIgGs were produced in HEK293-6E cells in 10 mL scale. For further analysis, transient production of the IgGs SH313-F9, MiS203-C1, -C9, and MiS196-D5 was repeated in HEK293-6E cells in 100 mL scale. In addition, SH313-F9 was also produced as scIgG in HEK293-6E cells in 50 mL scale. All antibodies were purified by protein A affinity chromatography for further validation. IgG production yields of 100 mL scale productions were between 4 to 11 mg/L, which was significantly higher than those obtained by the small scale production ( Table 2 ). The yields of scIgGs were between 5 to 25 mg/L in 10 mL small scale productions, which is generally higher than the yields of the corresponding IgGs. Production in shake flasks with a volume of 50 mL achieved volumetric yields of up to 106 mg/L for the parental antibody SH313-F9 scIgG ( Table 2) .
Binding studies of IgG converted antibodies The IgGs and scIgGs generated from affinity matured scFabΔC (MiS201-C3, -F2, -F6 and MiS179-F5) and FabΔC clones (MiS196-D5, MiS203-C1, -C9) were compared by titration ELISA regarding binding to CD30 (Fig. 4C) . The scIgGs originating from scFabΔC mutants showed elevated binding compared with the parental SH313-F9 in the scIgG format (Fig. 4B) . CD30 binding of SH313-F9 IgG in titration ELISA was elevated compared with SH313-F9 scIgG (Fig. Four  A) , but, after conversion of the affinity matured scFabΔC clones into IgG, antigen binding was the same or reduced compared with parental SH313-F9 IgG (Fig. 4C) . On the contrary, all IgGs generated from the FabΔC clones MiS196-D5, MiS203-C1, and MiS203-C9 showed increased CD30 binding in ELISA compared with parental SH313-F9 IgG (Fig. 4C) , indicating that affinity maturation in the FabΔC format was beneficial. Moreover, these FabΔC-derived IgGs (MiS196-D5, MiS203-C1, -C9) also showed increased binding on the CD30 + lymphoma cell line Karpas299 in flow cytometry compared with the parental SH313-F9 IgG (Fig. 6C) , whereas all IgGs generated from affinity matured scFv or scFabΔC antibody candidates showed lower binding to CD30 + cells (Fig. 6A  and B) .
Surface plasmon resonance-based affinity ranking of IgGs In addition, IgGs converted from different antibody formats obtained by affinity maturation were analyzed by surface plasmon resonance (SPR) for affinity ranking. Each IgG variant was captured by a monoclonal mouse anti-human IgG coupled to a CM5 chip. Then, binding kinetics of monomeric CD30 were measured and analyzed (Fig. 7) . All IgGs converted from scFvs had lower affinities compared with SH313-F9 IgG (Fig. 7A and  D) . The four IgGs converted from the scFabΔC format showed slightly lower or similar affinities compared with the parental SH313-F9 IgG (Fig. 7B and D) . In contrast, all three FabΔC candidates that showed improved antigen binding in ELISA and flow cytometry also demonstrated higher affinity after IgG conversion compared with the parental SH313-F9 IgG (Fig. 7C  and D) .
SPR analysis for determination of kinetic binding constants k on , k off , and K D IgGs derived from the FabΔC clones MiS196-D5, MiS203-C1 and MiS203-C9 showed 8-to 12-fold higher affinities (lower K D s) compared with the parental SH313-F9 IgG ( Table 3) . The MiS203-C9 IgG had the lowest K D (1.32 × 10 -8 M). The affinity enhancement was due to a combination of faster association and slower dissociation rates, with the latter having a greater effect on the affinity enhancement. Moreover, the parental SH313-F9 antibody was also tested in different IgG-like formats, including scFv-Fc, scIgG and IgG. Surprisingly, the IgG generated from the parental scFv SH313-F9 had a 2.5-and 3.3-fold lower K D value (1.59 × 10 -7 M) than the corresponding scFv-Fc and scIgG, respectively.
Analysis of aggregation and multimerization by SEC
The IgGs SH313-F9, MiS203-C1, -C9, and MiS196-D5, as well as scFv-Fc and scIgG formats of the parental antibody SH313-F9, were analyzed by size-exclusion chromatography (SEC) to study aggregation and multimerization. None of the IgGs tended to form dimers or larger aggregates, whereas scFv-Fc and scIgG showed an additional small population, indicating the formation of dimers (Fig. 8) .
Discussion
In this study, we used three consecutive steps of error-prone PCR to introduce random point mutations into the SH313-F9 scFv 54 gene, which correlated with about eight amino acid substitutions per mutant on the translational level. The resulting mutated scFv gene fragments were used as templates to generate four phage display libraries encoding different antibody formats including scFv, scFabΔC, Fab, and FabΔC. All libraries showed similar properties like high full-length antibody insert rates, comparable phage titers and clearly detectable levels of antibody::pIII fusion protein after packaging with Hyperphage. After a single in vitro selection step under identical stringent conditions, all mutated libraries except the Fab library allowed the selection of molecules with improved antigen binding properties compared with the parental SH313-F9 antibody in the same antibody formats.
On examination of the distribution of the mutations, it is evident that mutations were not evenly distributed but exhibited preferences in some regions including both, FRs and CDRs. Some mutations were clearly dependent on the antibody format used for affinity maturation, for example FR3 mutations were enriched in the VL of the FabΔC format. Moreover, hotspots of single amino acid substitutions, e.g., in CDR3 of VH, were observed in all antibody formats and seem to be important for increasing the affinity to the antigen, whereas other amino acid substitutions did only occur in a specific antibody format. A detailed understanding of structural effects would require crystallization. However, the enrichment of large numbers of FR mutations indicates the importance of introducing random mutations into the entire antibody V genes compared with approaches that are only restricted to CDRs.
The conversion of the parental scFv SH313-F9 into Fab already revealed poor CD30 antigen binding of antibody phage, which indicated that this Fab is not well-produced in E. coli and not functionally displayed on phage. This changed after eliminating both of the carboxy terminal cysteines that form the interchain disulfide bridge between light chain and Fd fragment in Fab fragments. This so-called FabΔC format provided functional antibody phage of the parental SH313-F9 antibody with similar performance compared with the SH313-F9 scFabΔC. In a previous study, scFabΔC also showed elevated bacterial expression levels and display on phage over scFab. 43 Unpaired cysteines have been shown before to have a negative impact on bacterial expression. 62 Figure 5 . Distribution of AA substitutions in SH313-F9 variants after affinity maturation. Amino acid substitutions in VH (A) and VL (B) of SH313-F9 variants with higher affinity obtained from affinity maturation in different antibody formats (scFv, scFabΔC, FabΔC). The amino acid substitution rate was calculated for each region (FRs and CDRs) in respect to its length. The total number of AA of each region was set 100%. (C) The maximal percentage of antibody clones per region carrying the identical amino acid substitution was calculated in order to indicate mutation hot spots. In contrast to Fab, the scFv, scFabΔC, and FabΔC libraries of mutated SH313-F9 allowed the isolation of CD30-specific molecules, and some of them showed improved antigen binding compared with the parental antibody SH313-F9. However, all affinity enhanced antibody clones originating from scFv and scFabΔC lost affinity after conversion into IgG. In contrast to scFv and scFabΔC, the three molecules obtained from affinity maturation performed in the FabΔC format retained their increased affinity after conversion into IgG. The FabΔC format only differs from scFabΔC by the absence of the linker. Affinity maturation in the scFabΔC format may promote structural alterations of the antigen binding surface away from Fab or IgG due to the presence of the linker, an effect that would also explain the results of affinity maturation in scFv format. We noted that the parental scFv SH313-F9, obtained from the human naïve antibody gene library HAL7, showed a 2.5-to 3.3-fold increased affinity as IgG compared with scFv-Fc and scIgG. This can be explained by the fact that all antibody genes in the library HAL7 were isolated from peripheral B lymphocytes and have already undergone a process of natural selection of functional B cell receptors and IgG antibodies in vivo. Other studies have demonstrated that conversion of scFvs derived from an antibody gene library also being constructed using B lymphocytes to IgGs can improve affinity due to increased stability in IgG. 63 However, introduction of new mutations during affinity maturation into single chain antibodies can result in variants that favor structural changes requiring the presence of the peptide linker. This effect was clearly observed in this study. Most mutations enriched by affinity maturation in the scFv and scFabΔC formats did not enhance but rather reduced affinity of the corresponding IgG.
The IgG derived from the FabΔC MiS203-C9 showed the highest affinity in this study, with a K D of 13 nM, which is a 12-fold improvement compared with the parental SH313-F9 IgG. Other groups described three to more than 1000-fold enhanced antigen binding after random mutagenesis of CDRs or entire antibody V genes in combination with phage display selection when compared in the antibody formats used for affinity maturation. 28, 29, 64 Because these studies did not test antigen binding in the Fab or IgG format, it remains unclear if subsequent IgG conversion of these antibody fragments would result in loss of affinity, as shown in this and other previous studies. 19 In some reports, scFv antibody fragments were also converted into IgG, but antigen binding kinetics were not measured 47, 48 or in other cases apparent binding effects by different avidity were not adequately considered. 66 The increase of avidity can elevate antigen binding several hundred fold, particularly when the antibody format switches from monovalent to bivalent binding. 49 During panning and screening, single chain antibody formats may have an increased apparent affinity due to formation of dimers or multimers that compete with antibody clones with increased affinity. This can be avoided by employing monomeric antibody fragments like FabΔC (or Fab). In this study, avidity effects did not play an important role because neither scFv-Fc nor scIgG of the parental antibody SH313-F9 showed any advantage in affinity compared with IgG, even though both IgG equivalent single chain formats showed some degree of dimer formation.
It should be noted that affinity maturation employing the scFv format was successfully used to generate high affinity IgGs. The most prominent example is adalimumab (D2E7, Humira ® ), which was humanized and engineered by an scFv-based guided selection strategy using a murine antibody as template and by iterative rounds of mutagenesis and chain shuffling. Generally, higher efforts have to be expected for screening and validation to generate antibody fragments that retain high affinity after conversion into IgG. Moreover, there is an intrinsic risk for a bias during scFv selection, which suppresses optimal IgG variants. Such bias against optimal IgG variants has also to be expected for Fab-based affinity maturation due to higher selection pressure by the bacterial expression and secretion system compared with FabΔC. Therefore, the Fab format should only be considered for affinity maturation of antibodies that allow functional Fab display on phage and expression in E. coli and only in addition to FabΔC.
To summarize, the choice of the antibody format during affinity maturation has a substantial effect on the development of IgGs with improved affinity. Affinity maturation in single chain antibody formats like scFv or scFabΔC bears the risk of generating a bias for affinity-enhanced molecules with altered conformation whose improved antigen binding properties cannot be transferred to IgG. The two chain FabΔC format, rather than the Fab format, represented the best compromise, preserving the functional conformation of the antigen binding site while still allowing sufficient bacterial expression for phage display.
Materials and Methods
Construction of phage display vectors
Phage display vectors pHAL21 (scFabΔC), pHAL26 (Fab) and pHAL34 (FabΔC) are based on the phagemid backbone of pHAL14 (scFv). [58] [59] [60] [61] All modifications compared with pHAL14 are shown in Figure 1B . For the construction of the scFabΔC phage vector pHAL21, the entire scFv gene expression cassette of pHAL14 was modified by introducing gene fragments encoding CL, a 32 amino acid linker (SGGG) 2 -(SEGGG) 4 -SGGGSG and the CH1. The 3′ codon of CL and CH1 encoding the carboxy terminal cysteines were deleted (ΔC). The 5′ end of both CLΔC and CH1ΔC was endowed with appropriate restriction cloning sites for cloning of VL and VH, respectively.
The bicistronic Fab and FabΔC phagemids pHAL26 and pHAL34 were constructed from pHAL21 by replacing the linker with a 3′ ochre stop codon after the CL (or CLΔC), followed by a non-coding spacer with a second RBS and pelB leader sequence and the VH cloning site to enable bicistronic expression of the light chain and heavy chain Fd fragment, respectively. The CH1ΔC gene fragment was replaced in pHAL26 by the complete CH1 to obtain both cysteine residues for the interchain disulfide bond in the Fab.
Cloning, production and purification of the antigen CD30 The gene of the extracellular domain of CD30 was cloned into the eukaryotic expression vector pCSE2.5-His-XP, which was generated by replacing the Fc gene fragment of vector pCSE2.5-hIgG1Fc-XP by a hexa-histidine tag (data not shown). The monomeric his-tagged CD30 protein and a dimeric CD30-Fc fusion protein 54 were transiently produced in HEK293-6E cells 66, 67 and purified by immobilized metal ion (Ni2+) or protein A affinity chromatography, respectively, using the Profinia TM Affinity Chromatography Protein Purification System (Bio-Rad) according to the manufacturer's description.
Production and purification of antibody phage A total of 50 mL 2xTY, 68 100 µg/mL ampicillin, 100 mM glucose was inoculated with an overnight culture of phagemid bearing E. coli XL1-Blue MRF' (Agilent Technologies) and grown at O.D. 600 0.4-0.5 at 37 °C and 250 rpm. A total of 2 mL of the bacteria was infected with 2 × 10 10 pfu M13K07 or hyperphage 69 for 30 min at 37 °C, followed by incubation for 30 min at 37 °C and 250 rpm. Bacteria were pelleted at 3,220 xg for 10 min at RT. The pellet was resuspended in 30 mL 2xTY supplemented with 100 µg/mL ampicillin and 50 µg/mL kanamycin and incubated for about 20 h at 30 °C and 250 rpm. Bacteria were centrifuged at 3,220 xg for 10 min and 4 °C and phage particles in the supernatant were precipitated with 1/5 volume 20% (w/v) polyethylene glycol (PEG) 6000 + 2.5 M NaCl for 1 h at 4 °C, followed by centrifugation at 3220 xg for 1 h at 4 °C. The pellet was resuspended in phage dilution buffer (10 mM TRIS-HCl pH 7.5, 20 mM NaCl, 2 mM EDTA) and centrifuged again at 16,000xg for 1 min to pellet cell debris. The phage containing supernatant was stored at 4 °C.
Construction of mutation libraries
A total of 0.05 ng template DNA of SH313-F9 scFv was amplified using a random mutagenesis PCR kit (GeneMorphII, Stratagene) and 0.2 µM oligonucleotides (MHColE1: 5′ cccaatacgcaaaccgcc 3′; MhgIII_r: 5′ ctaaagttttgtcgtctttcc 3′) in a total volume of 25 µL. The first denaturating step was done for 120 s at 95 °C, followed by 35 cycles (95 °C 60 s, 65 °C 60 s, 72 °C 70 s) and a final synthesis step for 10 min at 72 °C. After agarose gel electrophoresis the PCR product was purified via Nucleospin Extract 2 Kit (Macherey-Nagel, Düren, Germany) and used as template for the next round of errorprone PCR with nested primers (MHLacZ-Pro_f: 5′ ggctcgtatg ttgtgtgg 3′; HT-gIII-Beginn-1-rev: 5′ taaacaactt tcaacagtt tcagct 3′). This step was repeated as third round of error-prone PCR followed by an additional amplification step using the Phusion ® high-fidelity DNA polymerase (Thermo Fisher Scientific) with 40 nM dNTPs and 0.1 µM desoxyoligonucleotides llB6-Aff-2-fwd 5′ gccgctggct tgctgctgct ggcagctcag ccggccatgg 3′ and llB6-Aff-2-rev 5′ gttctgcggc cccgtgatgg tgatgatgat gagcggccgc. The amplified PCR product was purified and cloned using the restriction sites NcoI and NotI into the phagemid pHAL14. For the antibody formats scFabΔC, Fab and FabΔC amplification and cloning was done as follows: For amplification of VL the desoxyoligonucleotides PaD_F9_NcoI_f 5′ ATCTCCATGG CCCAGCCTGG GCTGACTC 3′ and PaD_F9_Hind_r 5′ ACTGAAGCTT GGTCCCTCCG CCGAATACC 3′ were used and the PCR product was cloned via NcoI and HindIII into the phagemids pHAL21 (scFabΔC), pHAL26 (Fab) and pHAL34 (FabΔC). For the amplification of VH, the oligonucleotides PaD_F9_MfeI_f 5′ATCTCAATTG GTGCAGTCTG GGTCTG 3′ and PaD_B5F9_NheI_r 5′ ATCGGCTAGC TGAAGAGACG GTGACC 3′ were used and the PCR product was cloned via MfeI and NheI into the VL containing phagemids pHAL21-V L (scFabΔC), pHAL26-V L (Fab) and pHAL34-V L (FabΔC). The ligation was performed in a 100 µL reaction using 3 units T4 DNA ligase (Promega) for 16 °C and 12 h with a vector:insert ratio of 1:3. The ligation was stopped at 65 °C for 10 min. E. coli XL1-Blue MRF' were transformed by electroporation and packaged with M13K07 as described.
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Selection of affinity matured antibody fragments A total of 100 ng CD30-Fc was coated in PBS 68 into Nunc Maxisorp stripes (Nunc) for 1 h at RT. Free binding sites were A dilution series of these infected bacteria was plated on 2xTY agar plates 68 supplemented with 100 µg/mL ampicillin and 100 mM glucose and incubated over night at 37 °C.
Production of antibody fragments in microtiter plates (MTPs)
After panning, colonies of bacteria infected with eluted antibody phage were isolated and inoculated in microtiter plates to produce soluble antibody fragments as described previously. 70 These antibody fragments were analyzed by ELISA on CD30-Fc and compared with parent SH313-F9 in the corresponding antibody format.
Enzyme linked immunosorbent assays for different antibody formats and antibody phage
A number of ELISAs were performed at different steps in this study, but in all cases a total of 50 ng CD30-Fc or CD30-His antigen was coated in 96-well MTPs (High Binding, Costar) in PBS over night at 4 °C and subsequent blocking was performed with 2% M-PBST (2% (w/v) skim milk powder in PBST) for 1 h at RT. Analogously, wells were prepared with BSA as control antigen. After three washing steps using an ELISA washer (Columbus, TECAN), antibody containing supernatants, purified antibodies or antibody phage were incubated for 1 h at RT. All antibody or antibody phage incubations, including all detection steps, were performed for 1 h at RT, including a subsequent set of three washing steps using an ELSA washer. Finally, 100 µL of TMB (3,3′,5,5′-tetramethylbenzidine) was added and the color reaction was stopped by adding 100 µL 1 N sulfuric acid. Absorbances were measured at 450 nm (with 620 nm reference wavelength) using an ELISA reader (SUNRISE, Tecan).
Screening ELISA after affinity maturation was performed with 50 µL production supernatant containing soluble antibody fragments (scFv, Fab, scFabΔC, or FabΔC) as described previously. 70 Detection of bound antibody fragments was performed with the c-myc tag specific IgG 9E10 followed by goat anti-mouse Fc-specific secondary antibody horseradish peroxidase (HRP) conjugate (Sigma).
A total of 100 µL/well of a dilution series of antibody-phage in different SH313-F9 formats (scFv, Fab, scFabΔC, or FabΔC) were prepared in 2% M-PBST and incubated on antigen-coated wells. Detection was performed with a mouse anti-M13 antibody HRP conjugate (GE Healthcare).
A total of 100 µL of a concentration series of scFv-Fc, scIgG, and IgG antibodies were diluted in 2% M-PBST and incubated on antigen coated wells. Detection was done with goat antihuman Fc specific antibody HRP conjugate (Sigma) SDS-PAGE and immunoblot Samples of antibody phage packaged with Hyperphage were run on a reducing 10% SDS-PAGE gel and blotted onto polyvinylidene fluoride (PVDF) membrane using a semidry electroblotting system (BioRad). Then, the membrane was blocked for 1 h at room temperature in 2% MPBS (2% skim milk powder in PBS). Monoclonal mouse anti-pIII antibody (1:2000, MoBiTec) was incubated for 1 h at RT. After three washing steps with PBST the membrane was incubated with goat anti-mouse IgG alkaline phosphatase (AP) conjugate (1:10 000, Sigma) for 1 h at RT. After two washing steps with PBST, a third washing step with substrate buffer was performed (100 mM TRISHCl, 0.5 mM MgCl 2 , pH 9.5). Substrate buffer with 1% (v/v) 5-Brom-4-chlor-3-indolylphosphate (BCIP) (Applichem) and 1% (v/v) nitro-blue tetrazolium (Applichem) was incubated for visualization. This reaction was stopped by washing with water.
Construction of mammalian expression vectors
Monocistronic IgG expression vectors pCSH1c, pCSL3l (Fig. 1C ) and pCSL3k were generated using the backbone of pCSE2.5-hIgG1Fc-XP 44, 45 and light and heavy immunoglobulin chains of the heavy and light chain IgG expression vectors pSH1 and pSL1, respectively. 71 For the generation of the heavy chain expression vector pCSH1c, the entire expression cassette, including the CMV promoter, the mouse IgG heavy chain signal peptide and the constant regions of the human IgG1 heavy chain of pSH1, was cloned into the vector backbone of pCSE2.5-hIgG1Fc-XP via EcoRI and XbaI. Cloning of VH can be done by using BssHII and NheI restriction sites. To obtain the light chain expression vectors with cloning cassettes that allow the introduction of VL gene fragments without altering any codon compared with human immunoglobulin sequences, restriction sites were generated by silent mutations that were introduced into the gene sequences of human kappa signal peptide and C-kappa of vector pSL1 by several PCRs. First, the DNA sequence comprising CMV promoter and signal peptide was amplified from pSL1 by using desoxyoligonucleotide primers CMV_EcorRI_f2 (cct agc gaa ttc aca ttg att att gag tag) and AF_k_Leader-AgeI_ SacI_r (cct agc gag ctc acc ggt gct ttc tgg gag cca g), with the latter introducing the AgeI site at the 3′ end of leader sequence (underlined). This PCR fragment was cloned into the light chain expression vector pSL1 using EcoRI and SacI. In a second step, the desoxyoligonucleotide primers AF_CLk_XbaI_r (cct agc tct aga act aac act ctc ccc) and AF_CLk_HindIII_BsiWI_f (cct agc aag ctt cgt acg gtg gct gca cca tct gtg) were used to amplify C-kappa from pSL1 and to introduce a BsiWI site to its 5′ end. This PCR fragment was cloned into the pSL1 vector containing the modified leader sequence using HindIII and XbaI. Finally, the entire expression cassette was inserted into the pCSE2.5 vector backbone to obtain the kappa light chain expression vector pCSL3k. The vector pCSL3k was not used in this study.
Lambda light chain 2 (C2) was amplified using the desoxyoligonucleotide primers AF_Cl_HindIII_DraIII_f (cta aaa gct tac cgt cct agg tca gcc caa ggc tgc acc caa gtg tca ctc tg) and AF_Cl_XbaI_r (cga gct tct aga gtt taa act cac tat gaa cat tct gta ggg g) with the first primer introducing DraIII-site at the 5′ end of the C2 gene fragment (underlined in the primer sequence). The PCR product was finally cloned into pCSL3k to replace the C-kappa sequence with the lambda C2 gene fragment using HindIII and XbaI, resulting in the lambda light chain expression vector pCSL3l.
Cloning, Production and purification of IgGs, scFv-Fcs, and IgGs For IgG format VH and VL of the antibody fragments were recloned into the heavy chain vector pCSH1c and the light chain vector pCSL3l using the restriction sites BssHII/NheI and AgeI/ DraIII, respectively. Therefore, VH and VL were amplified using the oligonucleotides SH313-B5/F9-VH_for (5′ gatcgcgcgc actcccaggt gcagctggt gcag 3′), AF110.1_B12_HC_NheI_r (5′ ccgagcgcta gctgaagaga cggtgaccat tgtccc 3′) and SH313-F9_VL_ for (5′ gatccaccgg tcagcctggg ctgactcag 3′), AF_pCSL3_DraIII-rev (5′ AGTGACACTT GGTGCAGCCT TGGGCTGACC 3′), respectively.
For the conversion of scFvs in scFv-Fcs and scFabΔC into scIgGs, the antibody fragments were recloned into the vector pCSE2.5-hIgG1-Fc-XP using the restriction sites NcoI/NotI.
Production and purification of the antibodies were done as described above for CD30-Fc.
Flow cytometry Cells were washed and resuspended in FACS buffer (PBS supplemented with 2% (v/v) fetal calf serum and 2 mM EDTA). A total of 10 5 cells were incubated with the anti-CD30 IgGs at 4 °C for 15 min. The cells were washed with FACS buffer and incubated with anti-human IgG Fc gamma specific conjugated with FITC (1:100, Dianova) at 4 °C for 15 min. Cells were washed again and resuspended in FACS buffer containing 1 µg/mL propidium iodide and analyzed by flow cytometry using a FC500 (emission at 488 nm, Beckman Coulter). For each sample, 10,000 events were measured and analyzed using FlowJo7.2.5 (Tree Star). Debris and dead cells were excluded during analysis.
Surface plasmon resonance SPR was performed using Biacore 2000 (GE Healthcare) according to the manufacturer's manual. The human Antibody Capture Kit (GE Healthcare) was used to couple a monoclonal mouse anti-human IgG Fc specific capture antibody to a CM5 sensor chip (GE Healthcare) according to manufacturer's protocol. Following, 7 µg/mL IgGs were captured at a flow rate of 10 µL/min. The binding to different dilutions of monomeric CD30-His (0.01-1.5 µM) was measured at a flow rate of 25 µL/min. Regeneration was done with 3 M MgCl 2 at a flow rate of 100 µL/min. For reference, a flow cell was activated with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride / N-hydroxysuccinimide and then blocked with ethanolamine. Data fitting was performed using 1:1 Langmuir binding algorithm with drifting baseline and local R max of the BIAevaluation software.
Size exclusion chromatography A Superdex-200 10/300 GL (GE Healthcare) on ÄKTA purifier (GE Healthcare) with Unicorn TM 5.10 software (GE Healthcare) was employed for analytical SEC of IgG, scFv-Fc, and scIgG. A total of 500 µL of each sample was applied on the column using a flow rate of 0.5 mL/min and PBS as running buffer. Absorbance at 280 nm was plotted against the retention volume to identify the aggregation behavior of the antibodies. Molecular masses were calculated according to calibration standard proteins (GE Healthcare).
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